Introduction
As known, inductively coupled plasma atomic emission spectrometry (ICP-AES) has been widely used in trace element analysis, with its special characteristics of low detection limits, multi-element detection, wide dynamic ranges, and good precision. 1 The noble metal elements gold (Au), silver (Ag) and palladium (Pd) play an important role in high technology and the national economy, but the contents of these elements in the earth's crust are very low. 2 Thus their separation/ preconcentration is necessary before determination. A number of papers have been published concerning the determination of trace amounts of Au, Ag and Pd with various separation/preconcentration techniques, 3,4 such as liquid-liquid extraction, 5 ion exchange, 6 co-precipitation, 7 solid phase, 8 cynadition, 9 and sorption. 10 Many materials have been used as the extractant, such as powdered activated carbon, 11 various kinds of resins 12, 13 and modified silica, 14 and synthetic fiber. 15 Recently, a nanometer material has gained more importance due to its special properties. Nanoparticles are clusters of atoms or molecules of metal oxide, ranging in size from 1 nm to almost 100 nm. Due to its size and surface area effects, a nanometer material has high chemical activity, and thus can selectively adsorb metal ions with a high adsorption capacity. 16 Due to electrostatic effects, it adsorbs metal ions, and then becomes stable. The adsorption behavior of rare earth ions on the NSTD has been reported. 17 According to our knowledge, up to now, no work on the adsorption behavior of the metals Au, Ag, Pd on NSTD has been reported. Therefore, in this article, we report on work using NSTD for the separation/preconcentration of Ag, Au and Pd, and ICP-AES for detection. The conditions that affect the adsorption capacity, such as the pH, contacting time, adsorption kinetics, amount of NSTD and conditions for dynamical adsorption, were studied. The results show that NSTD can be used in solid-phase extraction for the efficient separation and preconcentration of the trace noble metals Au, Ag and Pd. When the sample solution was passed through a polytetrafluoroethylene (PTFE) micro-column packed with NSTD, Au, Ag and Pd were quantitatively adsorbed on NSTD. The elution of the analytes was effectively achieved using a 5% thiourea-3.0 mol/L HNO3 solution. The proposed method has been successfully applied to the analysis of geological samples with satisfactory results.
Experimental
A 2 kW power supply, a 27 ± 3 MHz ICP generator, a PGS-2 plane grating spectrometer with 1300 grooves mm -1 (Germany) and a conventional plasma silica torch were used. The operation conditions and the wavelength of the emission lines are summarized in Table 1 . The pH values were controlled with a 320-S pH meter (Mettler Toledo Instruments, China). A HL-2 peristaltic pump (Shanghai Qingpu Huxi Instrument Factory, China) was used in the separation/preconcentration process. A self-made PTFE micro-column (20 mm × 3.0 mm i.d.) was used.
Reagents
All reagents used were of analytical grade. Double-distilled water was used throughout. A gold stock solution, 1000 µg mL - The adsorption behavior of gold (Au), silver (Ag) and palladium (Pd) on nanometer-size titanium dioxide (NSTD) at low concentrations was studied using inductively coupled plasma atomic emission spectrometry (ICP-AES).
A preconcentration procedure of the analytes was carried out using NSTD as a solid-phase extractant before their determination by ICP-AES. The optimum conditions for adsorption were studied in detail, and under the condition that Au, Ag and Pd ions could be adsorbed and recovered quantitatively. The static adsorption capacities of Au, Ag and Pd on NSTD were 22.63, 14.06 and 11.82 mg/g, respectively. For the elution of gold, silver and palladium, a mixture of 5% thiourea solution and 3 mol L -1 HNO3 was used. The parameters tested included: pH conditions, contact time of the analytes with NSTD, flow rate, adsorption capacity and sorption kinetics. According to the definition of IUPAC, the detection limits (3σ) of this method for Au, Ag and Pd with an enrichment factor of 50 were (0.016), (0.006) and (0.012) µg mL -1 , respectively, the relative standard deviations (RSD) were 8.7%, 4.5% and 7.4%, respectively (n = 6). Some geological samples were determined with satisfactory results. ) of Ag(I) was prepared by dissolving 0.1575 g of silver nitrate (AgNO3), dried at 110˚C, in 0.1 mol L -1 HNO3 and then diluted to 100 mL with a 0.1 mol L -1 HNO3 solution. A stock solution (1000 µg mL -1 ) of Pd(II) was prepared by dissolving 0.2675 g of (NH4)2PdCl4 in 5 mL of (1+1) HCl, heated on a water-bath and then the volume adjusted to 100 mL with distilled water. NSTD (diameter of less than 30 nm) was provided by the Laboratory of Inorganic Chemistry, Department of Chemistry, Wuhan University, and its synthesis method was previously reported.
18

Recommended Procedure
Static method
A portion of a sample solution containing Au, Ag and Pd was transferred into a 10 mL flask, and the pH values adjusted with 0.1 mol L -1 HNO3 and 0.1 mol L -1 NH3·H2O, followed by adjusting the volume to 10 mL with double-distilled water. Then, 20 mg of NSTD was added, and the mixture was shaken vigorously for 30 min to facilitate adsorption of the metal ions onto the NSTD. After centrifugation, the concentrations of the metal ions in the solution were determined directly by ICP-AES, while the concentrations of the metal ions adsorbed on the NSTD should be determined after elution.
Dynamical method
First, 50 mg of NSTD was filled into a PTFE micro-column plugged with a small portion of glass wool at both ends. Before use, a 1.0 mol L -1 HNO3 solution and double-distilled water were sequentially passed through the column in order to equilibrate, clean, and neutralize it. A 100 mL portion of an aqueous sample solution containing Au, Ag and Pd was prepared, and the pH value were adjusted to 5.5 with 0.1 mol L -1 HNO3 and 0.1 mol L -1 NH3H2O. The solution was passed through the column at a flow rate of 1.0 mL min -1 using a peristaltic pump. Afterwards, the noble metal ions retained on the micro-column were eluted with 2 ml of a 5% thiourea solution/3.0 mol L -1 HNO3. The analytes in final solution were determined by ICP-AES.
Results and Discussion
Effect of the pH on adsorption
The dependence of the adsorption of the analyte on the solution pH values is shown in Fig. 1 . It shows that noble metal ions (Au, Ag, Pd) could be adsorbed quantitatively on NSTD within a pH range of 4.5 -6.5.
Sorption kinetics
The contact time of the analytes with NSTD was varied from 10 min to 120 min and the adsorption kinetics of NSTD was studied at pH 5.5, The results are shown in Fig. 2 . It could be seen that the Au can be adsorbed quantatively (recovery >95%) onto the NSTD within 10 min, while Ag and Pd needed 30 min. The reason might be that Au has a stronger affinity towards NSTD than Ag and Pd.
Adsorption capacities
The adsorption capacity of an analyte is an important factor in the study of extractants. The adsorption capacities of Au, Ag and Pd on NSTD under static and dynamic conditions were determined 19 and calculated. The results are tabulated in Table  2 . It is obvious that the adsorption capacity of Au is higher than that of Ag and Pd.
Amount of NSTD
A study on the necessary amount of nanometer TiO2 showed that 20 mg was sufficient for a 10 mL solution consisting of 2 µg/mL Au, 1 µg/mL Ag and 1 µg/mL Pd, which was the constitution of the solution used in the optimal condition experiment.
Elution condition
The elution of Au, Ag and Pd from NSTD must be carried out before their determination by pneumatic nebulization ICP-AES. Fig. 1 Effect of the pH on the adsorption intensity. The concentration of Au, Ag and Pd is 2 µg/mL, 1 µg/mL, 1 µg/mL, respectively. Fig. 2 Adsorption kinetic curve. The concentration of Au, Ag and Pd is 2 µg/mL, 1 µg/mL, 1 µg/mL, respectively, pH 5.5.
Several kinds of eluting reagents, as shown in Table 3 , were investigated with the recovery of adsorbed elements, and the best eluting system, were found to be 2 mL of a 5% thiourea-3.0 mol/L HNO3 solution.
Dynamic adsorption condition
Because the flow rate of the sample solution has an important effect on the adsorption ratio, its effect was examined under the optimum conditions. A 10 mL sample solution was passed through a micro-column with a peristaltic pump at a flow rate of 0.5 -2.0 mL min -1 . The experiment results are given in Fig. 3 . Finally, a flow rate of 1.0 mL min -1 was employed.
The effect of the sample volume on the retention of Au, Ag and Pd was also investigated in order to explore the possibility of enriching low concentrations of analytes from large volumes. The results are shown in Fig. 4 . It can be seen that quantitative recoveries (>92%) could be obtained for sample volumes of 200 mL for Au, Ag and Pd. In this experiment, a sample volume of 100 mL was adopted for the separation/preconcentration of analytes. The adsorbed analytes could be eluted with 2 mL of the eluting solution, which means that an enrichment factor of 50 can be achieved.
Effects of coexisting ions
The effects of common coexisting ions on the adsorption of Au, Ag and Pd in NSTD were investigated. In these experiments, solutions of 2.0 µg mL -1 of Au, 1.0 µg mL -1 of Ag and 1.0 µg mL -1 Pd containing the added interfering ions were treated according to the recommended procedure. The results of the studied elements are given in Table 4 . It can be seen that the presence of major cations and anions had no obvious influence on the determination under the selected conditions.
Detection limits and precision
According to the definition of IUPAC, the detection limits (3σ) of this method for Au, Ag and Pd with an enrichment factor of 50 are (0.016), (0.006) and (0.012) µg mL -1 , respectively; and the relative standard deviations (RSD) are 8.7%, 4.5% and 7.4%, respectively (n = 6, Au: 2 µg/mL; Ag, Pd: 1 µg/mL).
Analysis of real samples
The proposed method has been applied to the determination of trace noble metal elements (Au, Ag. Pd) in geological samples. A 20.00 g amount of water deposit reference sample (Hubei Geological Standard reference No. 85GRD-1, GBW07293, 200 mesh) was roasted at 600˚C for 1 h, and transferred into a beaker. About 50 mL of diluted aqua regia (1:1) (v/v) was added into the beaker. The solution was digested for 30 min, further diluted to 100 mL and then filtered. Table 3 Percent recovery for Au, Ag and Pd with the eluting solution
The average value of 3 replicates.
Eluting solution
Recovery, % Au Ag Pd Fig. 3 Effect of the flow rate of the sample solution. The concentration of Au, Ag and Pd is 2 µg/mL, 1 µg/mL, 1 µg/mL, respectively, pH 5.5. Table 4 Tolerance limits for coexisting ions in the adsorption of the studied elements
Coexisting ion
Tolerance limit of ions/mg L -1 Table 5 . As can be seen, the results of this method agreed with the certified values.
